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Abstract: The time-dependence of electrochemical reduction current, which was observed during
the one-dimensional (1-D) crystal growth of ferromagnetic cobalt nanowire arrays, was analyzed
by Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory. Textured hcp-Co nanowire arrays were
synthesized by potentio-static electrochemical reduction of Co2+ ions in anodized aluminum oxide
(AAO) nanochannel films. Crystal growth geometry factor n in the JMAK equation was determined
to be ca. 1. Hence, the electrochemical crystal growth process of a numerical nanowires array can
be explained by 1-D geometry. The crystal nucleation frequency factor, k in JMAK equation was
estimated to be the range between 10−4 and 10−3. Our experimental results revealed that the crystal
nucleation site density Nd increased up to 2.7 × 10−8 nm−3 when increasing the overpotential
for cobalt electrodeposition by shifting the cathode potential down to −0.85 V vs. Ag/AgCl.
The (002) crystal orientation of hcp-Co nanowire arrays was, remarkably, observed by decreasing Nd.
Spontaneous magnetization behavior was observed in the axial direction of nanowires. By decreasing
the overpotential for cobalt electrodeposition, the coercivity of the nanocomposite film increased and
reached up to 1.88 kOe, with a squareness of ca. 0.9 at room temperature.

Keywords: Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory; electrodeposition; cobalt; nanowire
array; crystal growth geometry; nucleation site density; crystal orientation; uniaxial magnetization

1. Introduction

It is well known that when the rare-earth elements (e.g., samarium, neodymium and dysprosium)
are added to ferromagnetic metals (e.g., iron, cobalt and nickel), the large magneto-crystalline
anisotropy effect occurs and the coercivity of the hard-magnetic material can be enhanced. However,
the rare-earth elements are very expensive and there is concern about their supply uncertainty [1].
Recently, ferromagnetic metal nanowires have attracted attention as a substitute for rare-earth
compounds because they have large shape magnetic anisotropy along their long axis [2]. Of the
ferromagnetic metals, cobalt has relatively high saturation magnetization. In addition, cobalt alloys
have a high Curie temperature and excellent corrosion resistance [3]. Thus, cobalt alloy nanowires can
be used for the magnetic application utilized under high-temperature conditions and can, thus, have a
range of potential applications such as magnetic data storage media, anisotropic magnetoresistance
sensors and microwave-absorbing materials with heat-resistance performance. For example, Chen et al.
reported that cobalt nanowires with transverse magneto-crystalline anisotropy were fabricated and
the microwave absorbing properties were investigated in the GHz frequency range (0.5–18 GHz) [4].

Several methods have been created to synthesize ferromagnetic metal nanowires such as the
template-assisted method [2] and solvothermal synthesis [5]. Gandha et al. reported that they
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could synthesize the Co nanowires with a diameter of ca. 15 nm by using a solvothermal chemical
process. In their report, the coercivity of 10.6 kOe was achieved at room temperature [5]. However,
the average length of Co nanowires was only ca. 200 nm. Hence, there are still several issues to
overcome in addressing the gap, which is required for the permanent magnetic applications with
anisotropic performance. In the template-assisted method, ferromagnetic metal is electrodeposited
into the template with numerous nanochannels with large aspect ratio (cylinder-like nanopores).
This method is a very attractive approach to synthesizing ferromagnetic metal nanowires because
it can be carried out using simple experimental devices and its cost is low [6]. Typical template
materials include ion track-etched polycarbonate films [7–10] and anodic aluminum oxide (AAO)
films [11]. In particular, pore diameter and thickness of AAO templates can be adjusted by changing
experimental conditions such as anodic oxidation voltage. As a result, the diameter (d), length (L)
and aspect ratio (L/d) of nanowires, which are electrodeposited into nanochannels, can be adjusted.
Therefore, many researchers have synthesized ferromagnetic metal nanowire arrays by using the AAO
templates [6,12–16]. In addition, hexagonal close-packed cobalt (hcp-Co) has large magneto-crystalline
anisotropy along the c-axis [17,18]. Hence, the magnetic anisotropy of the cobalt nanowire arrays
could be enhanced, when the long axis of nanowires corresponds to the c-axis by adjusting the cobalt
crystal orientation.

Research to date has focused on the crystal structure and the magnetic properties of ferromagnetic
cobalt nanowire arrays, which were synthesized by electrodeposition into the nanochannel
templates [6,12–14]. However, there has been little research concerning the crystal growth geometry of
nanowire arrays (e.g., growth rate, geometry factor and crystal nucleation site density). In addition,
it is estimated that the growth process of the cobalt nanowires has an effect on the crystal structure
and magnetic properties of the ferromagnetic cobalt nanowire arrays.

In this research, ferromagnetic cobalt nanowire arrays were synthesized by potentio-static
electrodeposition from a chloride bath into the AAO nanochannel films, which have numerous nanopores
with a large-aspect-ratio structure (d = ca. 25 nm, L = ca. 45 µm and L/d = 1800). The time-dependence
of the electrochemical reduction current was measured during the electrodeposition of the cobalt
nanowires. Subsequently, the time-dependence of the electrochemical reduction current was analyzed
based on Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory [19–23]. The electrochemical crystal
growth process of the ferromagnetic cobalt nanowires was investigated by determining the kinetic
parameters, which were obtained as the result of JMAK analysis. Furthermore, the effects of the
cathode potential, the growth rate and the nucleation site density on the crystal structure and magnetic
properties of the ferromagnetic cobalt nanowire arrays were investigated.

2. Materials and Methods

At first, a cross-section of an aluminum rod (diameter: 10 mm, Purity: 99%) was mechanically
polished by using a water proof sandpaper. Next, the cross-section of the aluminum rod was
electropolished in an ethanol solution containing perchloric acid by applying a constant voltage of 50 V
for 120 s. The volume ratio between ethanol (99.5 wt.%) and perchloric acid (60 wt.%) was adjusted
to 4:1 in the solution for electropolishing. Then, the polished cross-section of an aluminum rod was
anodized in an aqueous solution containing 0.3 M sulfuric acid (2 ◦C) by applying a constant voltage of
20 V for 24 h. After the anodic oxidation, an AAO nanochannel layer was formed on the cross-section
of the aluminum rod. Subsequently, the barrier layer (an interface between the cross-section of metallic
aluminum rod and an anodized aluminum oxide layer) was anodically etched by applying a constant
voltage of 35 V for 30 s in an ethanol solution containing perchloric acid. The volume ratio between
ethanol (99.5 wt.%) and perchloric acid (60 wt.%) was adjusted to 1:1 in the solution for the anodic
etching. As a result, the AAO nanochannel layer was exfoliated from the aluminum rod and the
AAO nanochannel films were obtained. After that, a thin conductive gold layer was formed on
one side of the AAO nanochannel films by using a sputter-deposition technique. For ferromagnetic
cobalt electrodeposition into nanochannels, the AAO nanochannel films with thin conductive gold
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layer served as a cathode. Also, a gold wire was used as an anode, a silver/silver chloride electrode
(Ag/AgCl) was used as a reference electrode. An aqueous solution containing 0.5 M cobalt chloride
hexahydrate and 0.4 M boric acid was used as an electrolytic solution for the electrodeposition of cobalt.
The solution temperature was kept at 60 ◦C during the electrodeposition. Cobalt nanowire arrays were
synthesized by a potentio-static electrochemical reduction method inside the numerous nanochannels
of AAO films. During the electrodeposition, the cathode potentials were fixed to −0.85 V, −0.80 V,
−0.75 V, −0.70 V and −0.65 V vs. Ag/AgCl. In addition, the time-dependence of electrochemical
reduction current was measured during the electrodeposition of cobalt nanowires. After growing
nanowires, the aluminum oxide part was dissolved in an aqueous solution (ca. 25 ◦C) containing 5 M
sodium hydroxide to obtain the template-free-standing cobalt nanowire arrays.

The structures of AAO nanochannel film and template-free-standing cobalt nanowire arrays
were observed by using a scanning electron microscope (SEM, JSM-7500FA and JCM-5700, JEOL Ltd.,
Tokyo Japan). Also, the crystal orientation of cobalt nanowire arrays was investigated by using an
X-ray diffractometer (XRD, Miniflex 600-DX, Rigaku Corp., Tokyo, Japan). Furthermore, the magnetic
properties of cobalt nanowire arrays were evaluated by using a vibrating sample magnetometer
(VSM, TM-VSM1014-CRO, Tamakawa Co., Sendai, Japan) at room temperature. While measuring the
magnetic properties, an external magnetic field (−10 kOe ~ +10 kOe) was applied in the directions of
perpendicular and in-plane to the AAO nanochannel films. The magnetic properties (coercivity and
squareness) were obtained from the magnetic hysteresis loops with the scan rate of 0.2 kOe s−1.

3. Theoretical Simulation of Crystal Growth Process Based on
Johnson–Mehl–Avrami–Kolmogorov (JMAK) Theory

The JMAK theory [19–23] has included several assumptions, such as:
(I) Crystal grains will continue to grow even after they collide with each other during the

crystallization (Figure 1a–d);
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Figure 1. Schematic images of crystal nucleation and 2-D or 3-D growth process based on
Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory (a–d). 1-D growth process and electrochemical
nanowires growth process are also shown in (a’–d’) and (a”–d”), respectively.

(II) Nucleation can occur in all regions (the nucleation can occur regardless of whether phase
transformation occurred in the region).
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Based on these assumptions, the mechanism of the phase transformation during the crystallization
was expressed as a function of time [24]. The JMAK equation is as follows:

X = 1 − exp(−ktn), (1)

where X is the reaction ratio, t is the reaction time, n is the crystal growth geometry factor, and k
is the crystal nucleation frequency factor. First, based on JMAK theory, the time-dependence of the
reaction ratio was simulated. Figure 2a shows the time-dependence of the reaction ratio in the case of
changing the parameter k (n = 4). Figure 2c shows the time-dependence of the reaction ratio in the case
of changing the parameter n (k = 10−4). These figures show that the shape of time-dependence curve
changes with the values of parameters n and k.
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Figure 2. Theoretical simulation concerning the effect of reaction time on the reaction ratio based on
Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory. (a): X = 1 − exp(−ktn), n = 4. (b): −ln(1 − X) =
ktn, n = 4. (c): X = 1 − exp(−ktn), k = 10−4. (d): −ln(1 − X) = ktn, k = 10−4.

Equation (1) can be transformed to obtain Equation (2) as follows:

1 − X = exp(−ktn),
− ln(1 − X) = ktn,

ln[− ln(1 − X)] = ln k + n ln t,
(2)

Figure 2b shows the double logarithmic plot of −ln(1 − X) vs. t in the case of changing parameter
k (n = 4). Figure 2d shows the double logarithmic plot of −ln(1 − X) vs. t in the case of changing
parameter n (k = 10−4). These plots indicate that ln[−ln(1 − X)] is proportional to ln(t).

Hence, the values of parameters n and k can be estimated from the slope and the intercept of the
double logarithmic plot of −ln(1 − X) vs. t.

The parameter n reflects the growth dimension of crystal grains. Two mechanisms can be
considered for the nucleation with phase transformation. The first is the “site saturation mechanism”.
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If the nucleation proceeds by the “site saturation mechanism”, all nuclei will be formed at the same
time. The second is the “constant nucleation rate mechanism”. If the nucleation proceeds by the
“constant nucleation rate mechanism”, a number of nuclei will be formed continuously at a constant
rate per unit volume [25]. In the case of the “site saturation mechanism”, if the crystal growth
geometry factor equals 3 (n = 3), the crystal nuclei will grow three-dimensionally (3-D). In a similar
way, n = 2 and n = 1 correspond to two-dimensional (2-D) and one-dimensional (1-D) growth processes,
respectively [26,27]. In the case of the 1-D nanowire growth process as shown in Figure 1a’–d’,
the crystal nucleation frequency factor, k is expressed by the following Equation (3).

k = Nd AcRg, (3)

where Nd means the crystal nucleation site density, Ac represents the cross-sectional area of a nanowire
and Rg corresponds to the growth rate of nanowires. In this research, the time-dependence of
electrochemical reduction current was analyzed by JMAK theory. Then, the electrochemical crystal
growth process of the cobalt nanowires was investigated by determining the kinetic parameters of n, k
and Nd.

4. Results and Discussion

4.1. Structure of Anodized Aluminum Oxide (AAO) Nanochannel Films

Figure 3 shows scanning electron microscope (SEM) images of the top-surface (a), cross-section (b)
and bottom-surface (c) of an AAO nanochannel film that was exfoliated from an aluminum rod. Each
nanochannel has an ideal cylindrical shape with parallel-aligned through-hole structure. The average
pore diameter (Dp) and the pore length (L) were estimated to be ca. 25 nm and ca. 45 µm, respectively.
Therefore, the aspect ratio (L/Dp) of the nanochannel reached ca. 1800.
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4.2. Cobalt Electrodeposition into AAO Nanochannel Films

Prior to synthesis of the cobalt nanowire arrays, a cathodic polarization curve was measured
to determine a suitable cathode potential region during the electrodeposition (Figure 4). A copper
sheet was used as the cathode to measure the cathodic polarization. Also, a gold wire was used as an
anode, a silver/silver chloride electrode (Ag/AgCl) was used as a reference electrode. An aqueous
solution, which contains 0.5 M cobalt chloride hexahydrate and 0.4 M boric acid, was used for the
electrodeposition. The temperature of this solution was kept at 60 ◦C. The sweep rate of the cathode
potential was 50 mV s−1. The equilibrium potential of Co/Co2+ was estimated ca. −0.49 V vs.
Ag/AgCl by the following Equation (4) (Nernst’s equation) under the experimental conditions of
this research:

Eeq = E0 +
RT
nF

ln
[Mn+]

[M0]
, (4)

where the standard electrode potential of Co/Co2+, E0 = −0.48 V vs. Ag/AgCl, the gas constant,
R = 8.3 J K−1 mol−1, the solution temperature, T = 333 K, the valence number of Co2+ ions, n = 2,
Faraday constant, F = 96,485 C mol−1, molar concentration of Co2+ ions, [Mn+] = 0.5, activity of metallic
Co, [M0] = 1. Figure 4 shows that the cathode current density increased sharply at the potential
range from −0.46 V, which is close to the above equilibrium potential, to ca. −0.60 V. In addition,
the cathode current density increased moderately at the potential range less noble than ca. −1.0 V.
This suggests that the electrochemical reduction rate of Co2+ ions is controlled by the charge transfer
process and the reaction proceeds with high efficiency at the potential range from ca. −0.60 V to
ca. −1.0 V. However, the mass transfer of the inside of the nanochannel is affected by the diffusion;
the diffusion coefficient decreases as the length of nanochannel increases [28,29]. Hence, in the case
of using the AAO nanochannel films as the cathode, the mass transfer limitation could occur at a
nobler potential range than the case of using a copper sheet. Thus, −0.85 V, −0.80 V, −0.75 V, −0.70 V,
−0.65 V vs. Ag/AgCl were determined as the cathode potentials during electrodeposition into the
AAO nanochannel films.
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0.5 M CoCl2 and 0.4 M H3BO3. The solution temperature was kept at 60 ◦C.

Figure 5 shows the time dependence of the electrochemical reduction current, which was measured
during the electrodeposition into the AAO nanochannel films. The magnitude of electrochemical
reduction current corresponds to the area of electrode surface, which reflects the growth process of the
cobalt nanowires. The growth process can be classified into the following three steps:
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Step 1. The electrochemical reduction current is kept to almost constant value for a while after
the start of electrodeposition as shown in Figure 5 (Step 1). At this time, cobalt electrodeposits into the
nanochannels, and the cobalt nanowires are growing as shown in Figure 1b”.

Step 2. The value of the electrochemical reduction current begins to increase sharply at a certain
time as shown in Figure 5 (Step 2). A sharp increase of the current value indicates that the nanochannels
are filled with cobalt nanowires and the nanowires reach the surface of the AAO nanochannel film as
shown in Figure 1c”.

Step 3. Subsequently, the value of the current continues to increase as shown in Figure 5 (Step 3).
In this period, the film-like cobalt deposit is growing and spreading on the surface of the AAO
nanochannel film as shown in Figure 1d”. The electrodeposition of cobalt was stopped when the
AAO nanochannel was covered with the film-like cobalt deposit. After the electrodeposition process,
the surface of the AAO nanochannel film was etched by using 1 M nitric acid solution. In this way,
the cobalt nanowire arrays were synthesized.

In this research, the thickness of the AAO nanochannel films was ca. 45 µm. The growth rate of
cobalt nanowires was calculated by dividing the thickness by the time taken for the cobalt nanowires
to reach the surface of the AAO nanochannel film. As shown in the insets of Figure 5, the growth rate
of the cobalt nanowires increases with an increase of the overpotential and the current density for
cobalt electrodeposition.

4.3. Electrochemical Crystal Growth Process of Cobalt Nanowire Arrays Analyzed by JMAK Theory

The time-dependence of the electrochemical reduction current during the electrodeposition
of cobalt into the AAO nanochannel films was analyzed by JMAK theory. As mentioned above,
the time-dependence of the electrochemical reduction current reflects the growth processes of cobalt
nanowires. When the analysis was carried out, the time-dependence of electrochemical reduction
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current was normalized by using the maximum current values at the ending time (X = 1) of
cobalt electrodeposition.

Figure 6a shows the double logarithmic plot of −ln(1 − X) vs. t derived from the time-dependence
of electrochemical reduction current during the “Step 1” process. The values of parameters n (crystal
growth geometry factor) and k (crystal nucleation frequency) were estimated from the slope and the
intercept of the double logarithmic plot. As a result, the values of n at the cathode potentials of −0.85 V,
−0.80 V, −0.75 V, −0.70 V and −0.65 V vs. Ag/AgCl were determined as 0.95, 1.05, 0.96, 0.97 and
1.19, respectively. When “the site saturation mechanism” is assumed, n = 3, n = 2 and n = 1 represent
3-D, 2-D and 1-D growth processes, respectively [26,27]. Therefore, the electrochemical crystal growth
process of the numerical nanowire array can be explained by 1-D geometry as shown in Figure 1a’–d’.
In addition, the values of k at the cathode potentials of −0.85 V, −0.80 V, −0.75 V, −0.70 V and −0.65 V
vs. Ag/AgCl were determined as 6.1 × 10−3, 1.7 × 10−3, 1.4 × 10−3, 0.6 × 10−3 and 0.6 × 10−4,
respectively. Hence, the crystal nucleation frequency tended to increase when the overpotential for
cobalt electrodeposition increased by shifting the cathode potential to a less-noble direction. If the
values of n can be approximated as 1, the values of Nd are estimated by Equation (3). Figure 6b shows
the effect of the cathode potential on the nucleation site density, Nd of electrodeposited Co nanowire
arrays. As shown in Figure 6b, Nd decreases down to 1.8 × 10−9 nm−3 when shifting the cathode
potential up to −0.65 V vs. Ag/AgCl. This tendency corresponds well to the cathode polarization
curve as shown in Figure 4.
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4.4. Morphological and Structural Studies of Cobalt Nanowire Arrays

The aluminum oxide part of the cobalt nanowire array was dissolved by using a sodium hydroxide
solution. Figure 7 shows an SEM image (a) and a transmission electron microscope (TEM) bright field
image (b) of electrodeposited Co nanowires, which were separated from an anodized aluminum oxide
nanochannel template. As shown in Figure 7a, it is observed that the close-set cobalt nanowires are
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arrayed in parallel and the length in the long axis is ca. 45 µm; while the diameter in cross-section is ca.
25 nm as shown in Figure 7b. Hence, the aspect ratio of cobalt nanowires, which were obtained in this
study, reaches ca. 1800.Crystals 2019, 9 FOR PEER REVIEW  9 
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Figure 7. SEM image (a) and transmission electron microscope (TEM) bright field image (b) of
electrodeposited Co nanowires electrodeposited potentio-statically. Co nanowires were separated from
an anodized aluminum oxide nanochannel template.

Figure 8 shows the X-ray diffraction profiles of the cobalt nanowire arrays (2θ = 20–90◦). In the
experimental conditions of this research, two peaks derived from the crystal planes of hcp-Co were
observed. The peak at 2θ = 41.6◦ represented the intensity of (100). In contrast, the peak at 2θ = 44.5◦

represented the intensity of (002). In the case of cobalt nanowire arrays electrodeposited at cathode
potentials of −0.85 V, −0.80 V and −0.75 V, the peak intensity of (100) was very strong compared with
that of (002). In the sample electrodeposited at cathode potential of −0.70 V, the peak intensities of
(100) and (002) were not greatly different. Moreover, in the sample electrodeposited at the cathode
potential of −0.65 V, the peak intensity of (100) was very weak compared with that of (002).

Crystals 2019, 9 FOR PEER REVIEW  9 

 

 
Figure 7. SEM image (a) and transmission electron microscope (TEM) bright field image (b) of 
electrodeposited Co nanowires electrodeposited potentio-statically. Co nanowires were separated 
from an anodized aluminum oxide nanochannel template. 

Figure 8 shows the X-ray diffraction profiles of the cobalt nanowire arrays (2θ = 20–90°). In the 
experimental conditions of this research, two peaks derived from the crystal planes of hcp-Co were 
observed. The peak at 2θ = 41.6° represented the intensity of (100). In contrast, the peak at 2θ = 44.5° 
represented the intensity of (002). In the case of cobalt nanowire arrays electrodeposited at cathode 
potentials of −0.85 V, −0.80 V and −0.75V, the peak intensity of (100) was very strong compared with 
that of (002). In the sample electrodeposited at cathode potential of −0.70V, the peak intensities of 
(100) and (002) were not greatly different. Moreover, in the sample electrodeposited at the cathode 
potential of −0.65 V, the peak intensity of (100) was very weak compared with that of (002). 

 
Figure 8. X-ray diffraction (XRD) patterns of Co nanowire arrays that were electrodeposited at 
cathode potentials of −0.65 V, −0.70 V, −0.75 V, −0.80 V, and −0.85 V. 

Next, the texture coefficients TC(hkl) of the cobalt nanowire arrays were evaluated from the X-ray 
diffraction (XRD) profiles by using the Harris formula [30]: 𝑇𝐶( ) = ( )/ ( )/ ×∑ ( )/ ( ) , (5)

Figure 8. X-ray diffraction (XRD) patterns of Co nanowire arrays that were electrodeposited at cathode
potentials of −0.65 V, −0.70 V, −0.75 V, −0.80 V, and −0.85 V.
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Next, the texture coefficients TC(hkl) of the cobalt nanowire arrays were evaluated from the X-ray
diffraction (XRD) profiles by using the Harris formula [30]:

TC(hkl) =
Ii
(hkl)/I0

(hkl)

1/N × ∑N
j=1

(
I j
(hkl)/I0

(hkl)

) , (5)

where I0 is the peak intensity of a standard cobalt powder, I is the peak intensity of a sample and N is
the number of crystal planes considered for calculation of the texture coefficients TC(hkl).

Figure 9 shows the effect of cathode potential (a), growth rate (b) and nucleation site density (c)
on the texture coefficient TC(002) of electrodeposited Co nanowire arrays. TC(002) increased with a
decrease of the overpotential by shifting the cathode potential to noble direction as shown in Figure 9a.
In a similar way, Figure 9b,c show that TC(002) increased with the decrease of the growth rate and the
nucleation site density of the cobalt nanowires.
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Figure 9. Effect of cathode potential (a), growth rate (b) and nucleation site density (c) on the texture
coefficient TC(002) of electrodeposited Co nanowire arrays.

Pangarov et al. calculated theoretically the works to form a two-dimensional nucleus of each
crystal plane based on two-dimensional nuclei theory. They also predicted that the crystal orientation
of electrodeposited cobalt shifts with a change in the overpotential for electrodeposition. According
to their prediction, the cobalt crystal was oriented preferentially <002> when the overpotential was
decreased [31,32]. Our experimental results corresponded with their prediction. Hence, it was found
that the c-axis <002> of hcp-Co corresponds with the long axis of the nanowire when the overpotential,
growth rate and nucleation site density were decreased.

4.5. Magnetic Properties of Cobalt Nanowire Arrays

Figure 10 shows the magnetic hysteresis loops of the cobalt nanowire arrays electrodeposited at
each cathode potential. The external field was applied perpendicular (solid line) and in-plane (dashed
line) to the AAO nanochannel films. In all cases, the coercivity (Hc) and squareness (Mr/Ms) of the
perpendicular direction was higher than those of the in-plane direction, indicating that the cobalt
nanowire arrays had higher perpendicular magnetization performance. The shape anisotropy based
on the high aspect ratio of cobalt nanowire is likely to have produced such magnetic properties.
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Figure 10. Magnetic hysteresis loops of Co nanowire arrays that were electrodeposited at each cathode
potential ranging from −0.65 V to −0.85 V in the anodized aluminum oxide (AAO) nanochannel films.
Magnetic field was applied to the in-plane (dashed lines) and perpendicular (solid lines) directions,
with respect to the films.

Coercivity and squareness (in the direction perpendicular to the AAO nanochannel film) of
the cobalt nanowire array increased with decrease of the overpotential by shifting the cathode
potential to the noble direction (Figure 11a,a’). For example, coercivity and squareness of the sample
electrodeposited at the cathode potential of −0.85 V were 1.01 kOe and 0.77, respectively. In contrast,
these magnetic properties of the sample electrodeposited at the cathode potential of −0.65 V increased
up to 1.88 kOe and 0.87, respectively. The coercivity and squareness (in the direction perpendicular
to the AAO nanochannel film) increased with a decrease of the nucleation site density of the cobalt
nanowires (Figure 11b,b’). Finally, the coercivity and squareness (in the direction of perpendicular to
the AAO nanochannel film) increased with an increase of TC(002) (Figure 11c,c’).

Rani et al. synthesized a cobalt nanowire (d = 50 nm, L = 6 µm and L/d = 120) array by using
an DC electrodeposition into a polycarbonate membrane. The coercivity of their sample reached ca.
0.26 kOe [8]. Yang et al. synthesized cobalt nanowire arrays by using a pulsed electrodeposition
(200 Hz) into the AAO templates (pore diameters = 50 nm, 65 nm and 90 nm) [6]. Their experiment
revealed that coercivity and squareness of the sample increased with a decrease of the pore diameter.
When the template with pore diameter of 50 nm was used, coercivity and squareness of their samples
were 1.42 kOe and 0.20, respectively [6]. In contrast, in our research the obtained cobalt nanowire
arrays had perpendicular magnetization performance and their coercivity and squareness reached
1.88 kOe and 0.87, respectively. These values exceeded those reported in other research [6–8,12–14].
It is thought that the high aspect ratio (ca. 1800) of the cobalt nanowires produced shape magnetic
anisotropy. In addition, the c-axis <002> of hcp-Co corresponded with the long axis of the nanowire
with the decrease of the growth rate of cobalt nanowires. Therefore, we considered that both the effects
of shape anisotropy and magneto-crystalline anisotropy can enhance coercivity and squareness in the
direction perpendicular to the AAO nanochannel film.



Crystals 2019, 9, 142 12 of 14

Crystals 2019, 9 FOR PEER REVIEW  11 

 

 
Figure 10. Magnetic hysteresis loops of Co nanowire arrays that were electrodeposited at each 
cathode potential ranging from −0.65 V to −0.85 V in the anodized aluminum oxide (AAO) 
nanochannel films. Magnetic field was applied to the in-plane (dashed lines) and perpendicular (solid 
lines) directions, with respect to the films. 

 
Figure 11. Effects of the cathode potential, nucleation site density and texture coefficient on the 
coercivity and squareness of electrodeposited Co nanowire arrays. Magnetic field was applied to the 
perpendicular direction with respect to the films. 

Figure 11. Effects of the cathode potential, nucleation site density and texture coefficient on the
coercivity and squareness of electrodeposited Co nanowire arrays. Magnetic field was applied to the
perpendicular direction with respect to the films.

5. Conclusions

The cobalt nanowire arrays were synthesized by using a potentio-static electrochemical reduction
process inside the numerous nanochannels of AAO films. The growth rate of cobalt nanowires was
controlled by the cathode potential for cobalt deposition. The time-dependence of electrochemical
reduction current during electrodeposition was analyzed by JMAK theory. The crystal growth geometry
factor (n) in the JMAK equation was estimated to be ca. 1. When the “site saturation mechanism” is
assumed, n = 1 indicates a 1-D growth process. Hence, the electrochemical crystal growth process
of the nanowires array can be categorized to 1-D crystal growth. In addition, the crystal nucleation
site density, Nd increases up to 2.7 × 10−8 nm−3 with shifting the cathode potential down to −0.85 V
vs. Ag/AgCl.

The X-ray diffraction profiles of the cobalt nanowire arrays revealed that the c-axis <002> of
hcp-Co oriented along the long axis of the nanowire when the nucleation site density Nd of cobalt
nanowires decreased. The perpendicular magnetization performance of the cobalt nanowire array
was enhanced through the corresponding directions of the c-axis of hcp-Co and the long axis of the
nanowire. When decreasing Nd down to 1.8 × 10−9 nm−3 by shifting the cathode potential up to
−0.65 V vs. Ag/AgCl, the coercivity and the squareness increased up to 1.88 kOe and 0.87, respectively,
at room temperature.
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